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ABSTRACT

In this thesis, first, we discuss to influence resistive memory for different compliance
current, then the different metals were used as the electrode based on the HfOx/TiN
structure. Afterward, we discuss the electrode dependence with various metals work
function and free energy of oxidation of various metals. For the same compliance current,
lower free energy of oxidation of metals were observed no resistive switching
characteristics, and higher free energy of oxidation of metals 1s bad for endurance test.
Because lower free energy of oxidation of metals were easier formed metal oxide at
interface, which resulted the filaments were not ruptured and no resistive switching, and

higher free energy of oxidation of metals on resistive switching is easier losing oxygen
iii



ions. Therefore, we studied with inert metal/reactive metal as top electrode, such as Pd/Al,
Pd/T1, Pt/T1, and etc. This structure has very good resistive switching characteristics, which
could be operated at high temperature, endurance was more than 4000 cycles, and data
retention was over ten years. Our study shows that the inert metal/reactive metal/HfOx/TiN
resistive memory 1s a promising candidate for next-generation nonvolatile memory device

application.
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Chapter 1 Introduction

1.1 Introduction to nonvolatile memory

The nonvolatile memory (NVM) should keep the stored information without power
supply for a long time. In 1967, D. Kahng and S. M. Sze invented the floating-gate
nonvolatile semiconductor memory at Bell Labs. In recent years, the portable electronic
products can provide the convenient life for human. Therefore, the popularity of portable
equipment, such as mobile phone, digital camera, mp3 player, and personal digital assistant,
the requirements of NVMs increase significantly-in the semiconductor industry. An ideal
NVM includes the properties~of low operation voltage; simple structure, low power
consumption, non-destructive~readout, high operation speed, long retention time, high
endurance, and small cell size. However; there is-no such NVM meet the above properties
up to now.

Nowadays, the mainstream of NVM is flash memory, included the NOR flash and
NAND flash. The NOR flash has high operation speed, which 1s suitable for the computer
coding, PC bios, DVD player, and mobile phone applications. On the other hand, the
NAND flash with higher density is used for large data storage application, such as PDA,
memory cards, MP3 players, digital cameras, and USB flash personal disc etc. A primary
structure of flash memory 1s basic on a MOSFET with a modified stacking gate which
composed by control gate, dielectric, floating gate and dielectric as a sandwich structure,
shown in Fig. 1-1. The logic high or low 1s determined by charges injected in the
floating-gate are maintained there, allowing the difference between threshold voltages of

the cell transistor for NVM application.



However, the flash memory has some issues such as high operation voltage, low
operation speed, poor retention time, and coupling interference effect during scaling down
[1]-[2]. Therefore, some modified flash memories, such as charge-trapping (SONOS) flash
and band-engineered SONOS flash are proposed to replace the tradition flash memory
[3]-[4]. Moreover, many researchers want to find emerging next-generation NVM with the
advantages of DRAM, SRAM, and flash memory. Some possible candidates for
next-generation NVMs, including ferroelectric random access memory (FeRAM) [5]-[7],
magnetroresistive random access memory (MRAM) [8]-[10], phase change random access
memory (PCRAM) [11]-[15], and resistive random access memory (RRAM) are discussed

in the next section.

1.2 Introduction to next-generation nonvolatile memories

1.2.1  Ferroelectric Random Access Memory

A ferroelectric material with a.spontaneous polarization and the polarization can
being altered by applying an electric field. A standard structure of the ferroelectric material
is the ABO:s structure (perovskite structures) as shown in Fig. 1-2, where the A, B, and O
atoms are located at corner, body center, and face center of the cubic, respectively. When
an electric field is applied to the ferroelectric material, the B atom with two
thermodynamically stable positions 1s located depended on the polarity of the applied
electric field. The polarization hysteresis curve of the ferroelectric material is shown in Fig.
1-3. The hysteresis phenomenon of ferroelectric material can be used for NVM
applications called it FeRAM. The FeERAM can be subdivided into two types. One type is
the metal-ferroelectric-semiconductor FET (MESFET) structure as shown in Fig. 1-4. The

structure 18 very similar to the MOSFET except the oxide film is replaced by the



ferroelectric film. The polarizations (+Pr or - Pr) of the ferroelectric film will affect the
drain current of the transistor, and the memory effect of the MFSFET type FeRAM 1s
nonvolatile and with nondestructive readout property. The other type is similar to DRAM,
where the dielectric of the capacitor 1s replaced by the ferroelectric film. The polarizations
of the ferroelectric film will also affect the current of the device. The memory effect of this
type FeRAM 1s also nonvolatile, but the read process 1s destructive and needing a re-write

process.

1.2.2  Magnetroresistive Random Access Memory

The standard MRAM cell 1s the magnetic_tunneling junction which consists of two
magnetic layers sandwiching a« thin tunneling layer as shown in Fig. 1-5. The
magnetization of one magnetic layer,-also named reference layer, is fixed and kept in a
specific direction. The other layer, also named storage layer, can be switched to parallel or
antiparallel to the reference layer by applying a specific magnetic field. The logic high or
low is determined by the resistance of parallel or antiparallel state. In read process, a small
current flowing through the tunneling layer 1s detected to recognize the resistance states.
The MRAM have a lot of merits, but the reliability of the tunneling layer and the device

scaling limitation are the most important challenge of MRAM.

1.2.3  Phase Change Random Access Memory

A phase-change memory (PCRAM), also named ovonic unified memory (OUM), is
reported by Neale et al. in 1970. The standard memory cell of PCRAM 1s shown in Fig.
1-6 [12], where the GeSbTe (GST) chalcogenide alloy material has been adopted as a

primary material of the PCRAM. The PCRAM exhibits two different structural phases of



the GST, amorphous and polycrystalline, for data storage. In reset process, a high
magnitude current pulse with short tailing edge 1s applied on the programmable volume of
the phase change material. The temperature of the material exceeds the melting point
which eliminates the polycrystalline order in the volume. When the reset pulse i1s
terminated, the device quenches to “freeze in” the disordered structural state. This
quench time about several nanoseconds 1s determined by the thermal environment of the
device and the fall time of the reset pulse. In set process, a moderate magnitude current
pulse with sufficient duration 1s applied to maintain the device temperature for crystal
growth. The amorphous structural state (high resistance state) or the polycrystalline
structural state (low resistance state) 1S read by applying a low magnitude and long
duration current pulse. The time-temperature relationship of the PCRAM is shown in Fig.
1-7 [12]. During the set and reset processes, large Joule heating i1s applied on the phase
change material, and hence, huge power 1S consumed.. How to reduce the power

consumption during the PCRAM operation 18 a significant challenge of the PCRAM.

1.2.4  Resistive Random Access Memory

The resistive random access memory which consists of two memory states, the low
resistance state (LRS) and the high resistance state (HRS), which can be altered by
applying bias voltage or pulse, and utilizes the two different resistance values to storage
digital data. Table 1-1 performs the comparison with the Flash and next-generation NVMs
[16]-[17]. This table shows that the RRAM with low operation voltage and power, high
operation speed, high scalability, good endurance, small size, etc. The details of the RRAM

are discussed 1n section.



1.3 Introduction to Resistive Random Access Memory

1.3.1  Forming process and resistive switching polarities

The forming process is the common phenomenon in the binary metal oxide films
which is similar to the dielectric breakdown, named it “soft breakdown” . Forming is
possible with structures containing a wide variety of amorphous or microcrystalline
msulators between a few tens and many hundreds of nanometers thick and a variety of
metal electrodes, although the process occurs most readily when noble metals (such as Au)
are used as the anode material. The forming voltage 1s strongly dependent upon the
dielectric or its thickness. The cathode material does not affect the forming process or
subsequent properties. Therefore, the anode of the resistive switching device plays an
important role in the forming process and diffuses into the resistive switching film to
change the resistivity considerably.

The resistive switching “properties can be divided into three types based on the
resistive switching polarities. First, .the resistive switching 1s defined as unipolar resistive
switching when being performed only by one polarity of the applied voltage bias, as
indicated in Fig. 1-8 (a) [18]. Second, As for bipolar resistive switching, it depicts that the
resistive switching phenomenon is observed as applying the specific polarity of the voltage
and current biases to reach the ON-state, and back into the OFF-state by applying the other
polarity of the voltage and current biases as shown in Fig. 1-8 (b) [18]. Third, Fig. 1-9 [19]
shows the typical I-V curve of nonpolar resistive switching. Nonpolar switching means that
the device can be switched to another state by applying an electric signal regardless of the

directions.



1.3.2  Top electrodes

Because the RRAM stores the digital data by different resistance value, the resistive
switching behavior might result from the resistance change at Metal-Insulator interface.
Thus, the different work function, electronegativity, and oxygen affinity property of metal,
even the interface reaction, and the interdiffusion all possibly have influence on the
resistive switching behaviors. Therefore, to make RRAM more practical and reliable, it is

very important to pick up the suitable combination of the electrodes.

1.3.3  Resistive switching films

The resistive switching phenomena have been found in many materials. The research
mainstream 1s focused on several groups, including binary oxides, complex metal oxide,
perovskite oxides, manganites, and other alloy or polymers.

The binary metal oxides such as NiO, TiO:, HfO., and etc [20]-[22]. The complex
metal materials such as Gdi:CaBaCo:0s, BaosSresTiOs, and etc. The carrier-doped
manganites with the perovskite structure, such as Pri.CaMnOs; (PCMO), Lai«CaxMnOs
(LCMO), and etc.

Various processing techniques can be used for the preparation of composite and
multilayer resistive switching thin films by modifying the apparatus and the conditions for
deposition, such as atomic layer deposition (ALD), electron cyclotron resonance (ECR)
sputtering, plasma-enhanced atomic layer deposition (PEALD), plasma-enhanced chemical
vapor deposition (PECVD), pulsed laser deposition (PLD), metallorganic chemical vapor
deposition (MOCVD), reactive DC sputtering, RF sputtering, sol-gel method, and
solid-state reaction method.

Therefore, process parameters such as deposition temperature, O: partial pressure, and



working process are introduced to elucidate the influence on the resistive switching
properties. In addition, the dopant species and the crystallinity of the resistive switching

films also determine the resistive switching behaviors, which have been discussed as well.

1.4 Conduction mechanisms

The resistive switching mechanisms of each RRAM material are not clearly
understood up to now. Therefore, the conduction mechanisms of each resistance state of
the RRAM device are studied for further understanding of the resistive switching
mechanisms in each RRAM material. In this section, six basic conduction mechanisms in

msulator are summarized in Table 1-2 [94].

1.4.1  Schottky emission

The Schottky emission is caused: by thermionic emission of carriers across the
interface between metal and insulator [94].. Therefore, the Schottky emission 1s also named
it thermionic emission. If carriers transport in an insulator is by this mechanism, a plot of
LnlJ/T’l versus 1/T in a specific voltage is a straight line, and the slope can determine the

12

permittivity of the insulator. Besides, a lot of LnlJl versus V'™ at a fixed temperature 1s also

a straight line.

1.4.2  Frenkel-Poole emission

The Frenkel-Poole (F-P) emission 1S due to field-enhance thermal excitation of
trapped electrons into the conduction band [94]. For the F-P emission, plots of LnlJl versus

1/T in a specific voltage and LnlJ/VI versus V' at a fixed temperature are straight lines.



1.4.3  Tunnel or Field emission

The tunnel or field emission corresponds to electrons tunneling from the metal Fermi
energy into the insulator conduction band or field 1onization of trapped electrons into the
conduction band [94]. This emission is strongly dependent on the applied voltage, but is
essentially independent on the temperature. A plot of LnlJ/V’| versus 1/V is a straight line

in this conduction mechanism.

14.4  Space-charge-limited current

The space-charge-limited current (SCLC) 1s caused by carriers injected into the
insulator and no compensation charge 1s.present: [94]. The density of SCLC is direct

proportion to V°, and is essentially independent on the temperature.

1.4.5 Ohmic conduction

The Ohmic conduction is results from thermally excited electrons hopping from one
1solated state to the next state [94]. If carriers transport in an insulator 1s by this conduction,
plots of LnlJl versus LnlVI at fixed temperature and LnlJl versus 1/T in a specific voltage

are straight lines with unity slope.

1.4.6  Ionic conduction

The 1onic conduction 1s similar to a diffusion process. In this mechanism, the voltage
and current dependence 1s the same with the Ohmic conduction at a fixed temperature, and
a plot of LnlJXTI versus 1/T in a specific voltage 1s a straight line with unity slope. In

addition, each conduction mechanism may dominate in some voltage and temperature



ranges, and there are possibly two or more mechanisms causing the conduction in an

insulator.

1.5 Filament model

The major possible models having been proposed by other research groups are sorted
as the following, including filament model, charge tapping and detrapping model, phase
change, and solid-state electrolyte. Each model may be applied for some combinations of
electrodes and oxide materials. However, many models were proposed by many
researchers up to now, but the mainstream of many models nowadays is filament model
[23]-[29].

The filamentary model comes from the nature of oxide breakdown and integrity that
the defects existing in an oxide bulk such as the interstitials and vacancies of oxygen and
metals constitute the leakage ‘current path, as depicted 1 Fig. 1-10 [30]. This model has
been proposed since 1970° s and.is one of ‘the earliest models in resistive switching.
Recently, since nonvolatile memories have acquired a lot of attention, the further and more
detailed studies have been carried out to investigate the possible resistive switching
mechanisms. The most obvious evidences for the filamentary model are conductive atomic
force microscopy (CAFM) mapping results and the cell-area-insensitivity of LRS and HRS,
as shown Fig. 1-11 [31]. CAFM is one of the best tools to investigate the local
conductivity throughout the film.

Another subject of debate this model is the switching process. It is reasonable to
assume that the oxygen deficient region (filaments) of a film 1s much more conducting than
the stoichiometric region irrespective of whatever the defect type is. Generally the mobility
of oxygen 10ns 1n binary oxides 1s much higher than metal 1ons, and the formation of the

filaments could be induced by the rejection of O” ions. During the filament formation
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process, it is the electrical field effect that takes an essential part, because the insulating
parts among the filaments are stressed by the highest electrical field accompanied with
point discharge effect. As for the filament rupture, it is the current-induced effect that rules
the process in which Joule heating effect resulting from the current flow through the tiny
filaments generates heat and raises temperature up to hundreds of degree Celsius at the
local spot, providing enough energy for oxygen ions to reflow and making the conductive
regions of non-stoichiometry return to insulator to rupture the filaments.

Recently, the concept of tree-shaped filament structure has been proposed. The
breakdown paths (filaments) are formed in a dielectric when the carriers are injected from
a local point at the electrode interface. The 1nitial cross-sectional area of the path for the
carrier conduction 1s quite narrow, but with the propagation of the filaments the cross
section largely increases by an.increasing number of ‘secondary formed paths. Therefore
the region near the cathode might contain filaments with a larger conductivity compared to
the region near the anode. That s to say the filament is thick at the cathode and thin at the
anode if merely considering a single filament, which matters in terms of conductivity and
has impact on Joule heating effect. It 1s at the thinnest part of a filament near the anode that
most thermal energy accumulates and the filament formation and rupture occur.
Experiments reported by K. M. Kim et al. show that only 3~10 nm of the filaments near

the anode dominates the switching, and the schematics are shown in Fig. 1-12 [32].
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Function Flash FeRAM | MRAM | PCRAM | RRAM
CMOS Integration Good Poor Poor Good Good
Cell Size 4F" 0F | 20F 6F° 4"
Program Voltage High Low Low Medium Low
Frogram Curtent ~4 ~4 ~MA ~MA 0.lmé
W/E Time ~IS S <[ Ong ~100ns <] Ong
Eetention Time =10y =10y =10y =10y =10y
Endurance 510" 510" 210" +310° +»10°

Table 1-1 Comparison with the Flash memory and next-generation NVMs.

mechanism expression ! voltage and temperature dependence

Schottky emission J=A*T" exp| — = J ~T*exp(+aV /T - g, /kT)
i k :

[ -q( @ —yJgE/ drE, | “

Ir—q 5' @y —JgE ! 7E I '
kT

F-P emission J ~Eexp J~Vexp |:'+'Ea\-'r1? (T —gd,/ kT]

, 42m* (g0, )" o
tunnel or field emission | J~E’exp —\'ﬁ—’ ‘ J ~Viexp(-1/V)
3ghE :
SCLC PR L . J~V?
8d-

Ohmic conduction J ~ Eexp(-AE,, /kT’) J ~Vexp(-1/T)

- : E __ . ; 4 .
ionic conduction J~ ?EX[J (-AE, kT g~ ?expflf[a'T;l

Table 1-2 Basic conduction mechanisms in insulator.
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Fig. 1-10 Schematic of the filament in an oxide [30].

(a)

Fig. 1-11 CAEM results for RRAM 1in (a) LRS and (b) HRS [31].
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Fig. 1-12 Schematic diagram for switching from LRS to HRS. (a) LRS formed by positive
bias on TE. [(b)-(e)] Nucleation and propagation of a filament when negative bias 1s

applied on TE. (f) HRS 1s attained [32].

17



Chapter 2 Experiment Details

2.1 Experimental procedure

Resistive memory device were fabricated as follows [33]-[36]. TiN metal as a bottom
electrode was deposited on Ti/SiO:/Si wafer by sputtering. Then, nonstoichiometric HfOx
films with a thickness of 20 nm were deposited by ALD (ASM, Polygon 8200) at
temperature of 300 °C. Hafnium tetrachloride (HfCl:) and water (H:O) were used as
reactants for HfOx deposition, and changed the aspect ratio to 2:5. The primitive
chemical-formula as follows [37]-[39].

HfCl: + 4H:0 — Hf(OH)s 4+ HCL ¢ 2-D
Hf(OH)s heating — H{O: + H.O 2-2)

After stacking HfOx thin films on the bottom electrodes, various kind of metals as top
electrodes were deposited by sputtering using a shadow mask at room temperature, such as
Pt, Pd, Cu, Ni, Ti, Al, and etc. The thickness of metals were about 30-100 nm. To study
the area dependence of the electrical properties, the circular top electrodes were formed
with diameters of 100 g m. The structure of device shown in Fig. 2-1. The surface
morphology of HfOx/TiN/T1/Si0:/Si samples was examined by atomic force microscopy
(AFM) 1n trapping mode, and the composition depth profiles of HfOx films were carried
out by X-ray photon-electron spectroscopy (XPS).

As shown 1n Fig. 2-2, and Fig. 2-3, the rms surface roughness over a scanning area of
1010 £ m’ is around 1.5 nm. The depth profile of the chemical composition of HfOx
films measured by XPS is shown Fig. 2-4, and Fig. 2-5. The atomic ratio of oxygen to

hafnium (O:Hf) inside the HfOx film 18 found to be about 1.5, which suggests that the
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HfOx film 18 nonstoichiometric. The binding energy of HfOx films measured by XPS is
shown Fig. 2-6. The primitive binding energy of HfO: 1s 16.7 eV. The peak of plot 1s shift,
and peak of Hf7» and Hfsz is not very clear, which was demonstrated the resistive switching
films 1s nonstoichiometric HfOx films. In addition, residual chloride in our HfOx film,
which was used in the ALD process as a chloride precursor (HfCl:), was not detected by

XPS measurement.

2.2 Material analyses

Many material analyses are used to assist us in understanding the related and the
corresponding electrical properties to investigate the dopant effects, the top electrode
effects, and the resistive switching mechanism. Atomic force microscopy, X-ray
photoelectron spectrometer, Focus Ion Beam, and Transmission electron microscopy are

used in the thesis, which are going to be mtroduced in the following content.

2.2.1  Atomic force microscopy

The surface roughness and surface morphology of the bottom electrodes and the
resistive switching thin films are characterized by the atomic force microscopy in tapping
mode. The average roughness (R.) and the root mean square (RMS) roughness of the

device are automatically recorded and calculated by the software.

2.2.2  X-ray photoelectron spectroscopy

When the light 1lluminates the matter, the inner electrons are going to be excited and

1onized. The 1onized electrons, which close to the surface of the matter, have the ability to
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escape into vacuum, named photoelectron, and the phenomenon is called photoelectric
effect. Due to the different components and chemical states of the matters, photoelectrons
have characteristic kinetic energy, which can be used to identify the composed elements
and the chemical states of surface atoms. When the excitation source 1s soft x-ray, the

photoemission spectroscopy 18 termed by X-ray photoelectron spectroscopy.

2.2.3  Focus 1on beam

FIB 1s a scientific instrument that resembles a scanning electron microscope.
However, the SEM uses a focused beam of electrons to image the sample in the chamber,
whereas a FIB instead uses a focused beam of gallium 1ons. Gallium 1s chosen because it 18
easy to build a gallium liquid metal ion source (LMIS).-In a Gallium LMIS, gallium metal
1S placed in contact with a tungsten needle and heated. Gallium wets the tungsten, and a
huge electric field (greater than 10°V per centimeter) causes ionization and field emission
of the gallium atoms.

Unlike an electron microscope, the FIB 18 inherently destructive to the specimen.
When the high-energy gallium 1ons strike the sample, they will sputter atoms from the
surface. Gallium atoms will also be implanted into the top few nanometers of the surface,
and the surface will be made amorphous.

Because of the sputtering capability, the FIB is used as a micro-machining tool, to
modify or machine materials at the micro- and nano-scale.

The FIB is commonly used to prepare samples for the transmission electron
microscope. The TEM requires very thin samples, typically ~100 nanometers. The

nanometer-scale resolution of the FIB allows the exact thin region to be chosen.
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2.2.4  Transmission electron microscopy and Energy dispersive

spectroscopy

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam
of electrons 1s transmitted through an ultra thin specimen, interacting with the specimen as
it passes through it. An image is formed from the electrons transmitted through the
specimen, magnified and focused by an objective lens and appears on an imaging screen, a
fluorescent screen in most TEMSs, plus a monitor, or on a layer of photographic film, or to
be detected by a sensor such as a CCD camera.

In material science/metallurgy the speciments tend to be naturally resistant to vacuum,
but must be prepared as a thin foil, or etched so some portion of the specimen is thin
enough for the beam to penetrate«Preparation techniques to obtain an electron transparent
region include 1on beam milling and wedge polishing. The focused ion beam (FIB) 1s a
relatively new technique to “prepare thin samples for TEM examination from larger
specimens. Because the FIB can be used to micro-machine samples very precisely, it 18
possible to mill very thin membranes from @' specific area of a sample, such as a
semiconductor or metal.

By the way, TEM and EDS can be analyzed at the same time. Energy dispersive
spectroscopy (EDS) analysis, it 1s released X-ray that the components percentage of the

sample 1s analyzed by electron hit the surface of TEM sample.

2.3 Electrical measurements

The most important parts of all are the electrical measurements. The electrical
properties of the devices from I-V curve are demonstrated. The electrical measurement

system consisted of a probe station, an Agilent 4156C semiconductor parameter analyzer,
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and GPIB controller.
Our electrical measurement was sorted into three items: current-voltage measurement
by DC voltage sweeping, endurance measurement, and data retention time measurement.

The three 1nitial items are tested for criteria of our memory devices.

2.3.1  Current-voltage measurement

The measurement 1s performed by Agilent 4156C which provides a DC voltage
sweeping between two specific voltages to observe the resistive switching. We could
observe the relations between the bias voltage and the current of the high/low resistive

states.

2.3.2  Endurance measurement

Before used in commercial applications, it 1S important to investigate that how many
times that the memory devices can be operated before failure. That is so called endurance
measurement. A memory device 1s expected with excellent endurance characteristics due to

the requirements for users.

2.3.3  Data retention time measurement

Retention time is how long the stored data can be maintained, and the data is not able
to be distinguished beyond retention time. The data retention time measurement is
performed by reading the stored data after certain periods to find out if there occurs data
loss or not. The data retention time measurement performed at high temperature can

accelerate the degradation of the device to investigate the thermal stability of the memory
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devices.
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Fig. 2-1 The device structure of our sample.

Height Angle Surface Mormal Clear Calculator

50.0 nm Height

25.0 nm

0.0 nm

Digital Instruments NanoScope

Scan size 10.00 um
Scan rate 0.8477 Hz
Number of samples 512
Image Data Height
Data scale 50.00 nm

Engage X Pos
Engage Y Pos

2009.623.001

Fig. 2-2 AFM 1mage of HfOx/T1iN/T1/S10:/S1 structure.
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Fig. 2-3 The rms surface roughness of HfOx/TiN/T1/S10:/S1 structure.
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Chapter 3 Results and Discussion

3.1 Defined some resistive switching parameters

3.1.1 Resistive switching parameters

First, we have been defining some resistive switching parameters. In Fig. 3-1, the
unipolar resistive switching is performed by sweeping current bias. The forming process is
the common phenomenon in the binary metal oxide films which 1s similar to the dielectric
breakdown, named it “soft breakdown” . In general, exhibits two memory states: the low
resistance state (LRS), also named high conducting state (ON-state) and the high resistance
state (HRS), also named low=conducting state (OFF-state), which can be altered by
applying bias voltage, and utilizes the two different resistance values to storage digital data.
Rurs (Ror) 1s defined the resistance of HRS. Rizs (Raw) is defined the resistance of LRS. ON
process 1s defined as the transformation from LRSinto- HRS. OFF process 1s defined as the
transformation from HRS into LRS. Vser (Vo) is the voltage which is the highest slope of
current-voltage curve. During ON process, a sudden increase in current occurs at Vser and
limited at compliance current. Vreser (Vorr) is the voltage which the lowest slope of

current-voltage curve. During OFF process, a sudden decrease in current occurs at Veser.

3.1.2 Compliance current

An important part of RRAM i1s the compliance current [40]-[44]. Compliance current
imposed by the measure instruments or the electrical circuit 1s imposed on the resistive

switching memory device to avoid the device breakdown. To investigate the influence of
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compliance current during resistive switching, the compliance currents are varied from pA
to mA as shown in Fig. 3-2. As the compliance current of resistive switching reaches 5 pA,
the Vser and Vreser values increases and overlap each other, and various resistance of HRS
increases. This phenomenon might be attributed to that because the smaller compliance
current forms few filaments which are very weak. The weak filaments are created that is
easy to rupture all the filaments at the same time during OFF process, and the weak
filaments are more easier to form in other place of HfOx films which leads to the Vser and
Vreeser values increases and overlap each other, and resistance of HRS 1s larger various, as
shown in Fig. 3-2 (a). As the compliance current of resistive switching reaches 5 mA, the
Vser and Vreser values decreases and don” t overlap each other, and various resistance of
HRS decreases. This phenomenon. might be ‘attributed to that because the larger
compliance current forms many. filaments. which are very strong. The strong filaments are
created that is hard to rupture.all the filaments at the same.time during OFF process, and
the strong filaments are more €asier to form 1n the residual partial filaments of HfOx films
which leads to the Vser and Vreser values decreases-and don’ t overlap each other, and

resistance of HRS 1s smaller various, as shown in Fig. 3-2 (b).

3.2 Various metal of top electrodes

In many reports, we know that top electrodes and resistive switching films are great
influence on the RRAM [45]-[50]. Therefore, in order to reduce variables, we fixed
resistive switching films for HfOx films, then to change the different electrode. In this
section, we performed the resistive switching n various top
electrodes/HfOx/TiN/T1/S10:/Si devices where various top electrodes where Pt, Pd, Cu, Ni,

Ti, and Al.
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3.2.1 Electrical properties of various top electrodes

At this section, we would show the basic memory device electrical properties of
various top electrodes, including resistive switching characteristics, distribution of Vser and
Vreser, resistance of HRS and LRS.

In Pt/HfOx/TIN device, first, 1s using the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-3 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-4. Resistance of HRS and LRS by 0.08 V read bias are shown in
Fig. 3-5. Second, the compliance current changed 50 pA, and shows the typical I-V curve
in Fig. 3-6. Distribution of Vser and Vreser are shown in Fig. 3-7. Resistance of HRS and
LRS by 0.08 V read bias are shown in Fig. 3-8. Form the results, we demonstrates when Pt
as top electrode, which can use the.dc voltage sweep with different compliance current. As
mentioned in the previous section, smaller compliance current leads to the Vser and Vireser
values increases and overlap each other, and resistance of HRS is larger various, but the
endurance is more than 1200 cycles. On‘the contrary the lager compliance current leading
to the Vser and Veeser values decreases..and. don’ 't overlap each other, and various
resistance of HRS decreases, but the endurance is less than 15 cycles.

In Pd/HfOx/TiN device, first, 1s using the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-9 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-10. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-11. Second, the compliance current changed 50 pA, and shows the typical I-V
curve 1n Fig. 3-12. Distribution of Vser and Vreser are shown in Fig. 3-13. Resistance of
HRS and LRS by 0.08 V read bias are shown in Fig. 3-14. Form the results, we
demonstrates when Pd as top electrode, which can use the dc voltage sweep with different
compliance current. As mentioned in the previous section, smaller compliance current

leading to the Vser and Vweser values increases and overlap each other, and resistance of
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HRS is larger various, but the endurance is more than 200 cycles. On the contrary the lager
compliance current leading to the Vser and Veeser values decreases and don”  t overlap each
other, and various resistance of HRS decreases, but the endurance is less than 30 cycles.

In Cu/HfOx/TiN device, 1s using the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-15 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-16. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-17. Form the results, we demonstrates when Cu as top electrode, which only use
the dc voltage sweep with mA compliance current. As mentioned in the previous section,
lager compliance current leading to the Vser and Vireser values decreases and don” t overlap
each other, and various resistance of HRS decreases, but the endurance 1s less than 10
cycles.

In NY/HfOx/TIN device, 1S using-the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-18 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-19. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-20. Form the results, we'demonstrates when Nt as top electrode, which only use
the dc voltage sweep with mA compliance current. As mentioned in the previous section,
lager compliance current leading to the Vser and Vireser values decreases and don” t overlap
each other, various resistance of HRS decreases, and the endurance is more than 250
cycles.

In T/HfOx/TIN device, 1s using the dc voltage sweep method with a current
compliance of 3 mA. In Fig. 3-21 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-22. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-23. Form the results, we demonstrates when Ti as top electrode, which only use
the dc voltage sweep with mA compliance current. As mentioned in the previous section,

lager compliance current leading to the Vser and Vreser values decreases and don’  t overlap
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each other, and various resistance of HRS decreases, but the endurance is less than 50
cycles.

In AI/HfOx/TiN device, forming process is formed as shown in Fig. 3-24. After
forming process, the device couldn’ t cause resistive switching as shown in Fig. 3-25.
That is to say the resistive switching phenomenon couldn’ t be observed for AI/HfOx/TiN

device.

3.2.2 Work function of various metals

According to textbooks, the values of work function ¢ of various metals are as
follows; ¢ »=5.65 €V, @r=5.12 eV, ¢n=5.15 eV, ¢a=4.65 eV, ¢n=4.33 eV, and
¢ a=4.28 eV.

In the early reports, such'as Sawa et al., which proposed that a Schottky barrier, the
origin of the nonlinearity of the I-V curve, is formed by a'low work function metal and
p-type semiconductor PCMO, and the resistive switching mechanism on based Schottky
barrier barrier modulation was suggested [51].-Afterward, Seo et al., demonstrated that the
effective electric field across the NiO film was high enough to cause resistive switching
phenomenon while Ohmic contact or a low Schottky barrier formed between the
metal-insulator interface. There 1s no resistive switching phenomenon with Ti top electrode
due to the considerable voltage drop across the well-established Schottky barrier at the
T1/NiO 1interface [52].

In particular, our sample of various top electrodes did not show similar resistive
switching characteristics as reported previously. Table 3-1 performs the comparison with
the work function and resistive switching parameters of various metals. We demonstrates
larger work function metal, which has better electrical properties, and can resistive

switching for different compliance current, but there are different electrical properties on
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different compliance current. The work function could not be clear to explain this

phenomenon.

3.2.3 Free energy of various metals

Recently, electronegativity and free energy is often used to explain the mechanism
RRAM. Hasan et al. proposed that under a positive bias, electromigration of oxygen 1ons
forms thicker oxide, which dissociates under a negative bias, causes high and low
resistance states, respectively [53]-[54]. Afterward, Lee et al. proposed that the importance
of the reaction at the metal/NiO interface is demonstrated in relation to the free energy of
oxide formation of electrode metals and Ni [47], [S5]-[57].

Figure 3-26 shows Ellingham diagram of representative high- £ dielectrics showing
the free energy of formation asa function of temperature, and Fig. 3-27 shows Ellingham
diagram plotting the standard“frec energies of the formation of oxides of the metals. The
free energy of oxidation of Al is close to the free energy of oxidation of Hf. Therefore, the
Al/HfOx/TiN device showed no resistive switching characteristics. Because Al attracted
and trapped more oxygen ions from HfOx films to form interface layer [58]-[68], which
resulted the filaments were not ruptured.

The Ti top electrode was investigated, as Ti has slightly larger free energy of
oxidation than free energy of oxidation of Hf. Therefore, the Ti/HfOx/TiN device showed
resistive switching characteristics, but the endurance 1s bad. Because T1 still attracted and
trapped some oxygen ions from HfOx films to form thin interface layer. When RESET
process, the filaments were not ruptured clearly. Therefore, resistance of HRS and ratio
decrease.

The Ni top electrode was also investigated, as Ni has higher free energy of oxidation

than free energy of oxidation of Hf. Therefore, the Ni/HfOx/TiN device showed good
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resistive switching characteristics. Because Ni did not attract and trap oxygen ions from
HfOx films.

The Cu top electrode was also investigated, as Cu has higher free energy of oxidation
than free energy of oxidation of Hf. However, the Cu/HfOx/TiIN device showed bad
resistive switching characteristics. Because Cu is a highly diffusive element in
semiconductor materials due to 1ts high diffusion coefficient, they could migrate into the
NiO bulk from the top electrode and affect the resistive switching characteristics. The
formula as follows.

D=Do exp(-Q/KT) 3-1)

The Pt and Pd top electrodes were also investigated, as Pt and Pd have very high free
energy of oxidation than free energy of oxidation of Hf. Therefore, the Pt/HfOx/TiN and
Pd/HIOx/TiN device showed good resistive switching characteristics, and could sweep with
different compliance current. However, sweep with larger compliance current resulted bad
endurance. Because Pt and Pd have too higher free energy, when applied a dc voltage,
the oxygen ions is direct from HfOx films to air. Table 3-2 performs the comparison with
the free energy of oxide formation of electrode metals and resistive switching parameters
of various metals.

In order to confirm our thoughts, we used Pd as top electrode, and injected N2 6 sccm
30 second. In Fig. 3-28 shows the typical I-V curve. Distribution of Vser and Vreser are
shown 1n Fig. 3-29. Resistance of HRS and LRS by 0.08 V read bias are shown in Fig.
3-30. Form the results, we demonstrates the Pd/HfOx/TiN with N2 showed better resistive
switching characteristics than the Pd/HfOx/TiN without N.. The endurance is significant
addition. Because N: can block oxygen ions from HfOx films to air.

Afterward, we used TiN as top electrode under a mixed gas atmosphere with a partial

pressure of P(Ar) : P(N2) = 24 : 9.6. In Fig. 3-31 shows the typical I-V curve. Distribution
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of Vser and Vreser are shown in Fig. 3-32. Resistance of HRS and LRS by 0.08 V read bias
are shown in Fig. 3-33. Form the results, we demonstrates the TiN/HfOx/TiN showed
better resistive switching characteristics than the Ti/HfOx/TiN. The endurance is significant
addition. Because TiN did not attract and trap oxygen ions from HfOx films. Table 3-3
performs the comparison with the Pd/HfOx/TIN with N» versus without N2 and the

Ti/HfOx/TiN versus TiN/HfOx/TiN.

3.3 Resistive switching characteristics of Pd/Al/HfOx/TiN

structure

In previous discussions, we demonstrates® reactive metal (lower free energy of
oxidation of the metal) 1s easier.combined with oxygen from resistive switching films and
forms metal oxide, which resulted the filaments were not ruptured and no resistive
switching characteristics. However, the anert metal (higher free energy of oxidation of the
metal) 1s hard easier combined with oxygen from resistive switching films. Therefore, the
inert metal as top electrode has good resistive switching characteristics, but can’ t
resistive switching in larger compliance current. Because inert metal have too higher free
energy, when applied a dc voltage, the oxygen 1ons 1s direct from HfOx films to air. In this
paper, we have studied to use two-layer metal as top metal, the first layer is inert metal and
the second layer 1s thin reactive metal, such as Pd/Al, Pt/T1, etc. Because thin reactive
metal can trap oxygen ions to form thin interface layer and avoid oxygen ions from HfOx
films to air, and Inert metal 1s protection reactive metal which avoid to direct contact with

air.
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3.3.1 Electrical properties

First, we fixed the thickness of Pd for 30nm, and to change the thickness of Al In
Pd/A1(20 A)/HfOx/TiN device, is using the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-34 shows the typical I-V curve. Distribution of Vser and
Vreser are shown in Fig. 3-35. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-36. The Pd/AI20 A)HfO«/TiN device shown good resistive switching
characteristics. The Vser and Vzeser values don”  t overlap each other, and the endurance is
more than 300 cycles.

In Pd/A1(50 A)/HfOx/TiN device, is using the dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-37 shows the typical I-V curve. Distribution of Vser and
Vreser are shown in Fig. 3-38. Resistance of HRS-and LRS by 0.08 V read bias are shown
in Fig. 3-39. The Pd/AI(50~A)HIO=/TIN -device shown good resistive switching
characteristics. The Vser and Vzeser values don™ -t overlap each other, and the endurance is
more than 550 cycles.

In Pd/A1(75 A)/HfOx/TiN device, is-using the'dc voltage sweep method with a current
compliance of 5 mA. In Fig. 3-40 shows the typical I-V curve. Distribution of Vser and
Vreser are shown 1n Fig. 3-41. Resistance of HRS and LRS by 0.08 V read bias are shown
in Fig. 3-42. The Pd/AL(75 A)HfO«/TIiN device shown good resistive switching
characteristics. The Vser and Vreser values don’ t overlap each other, the endurance is
more than 200 cycles, but the yield decreases.

In Pd/AI(100 A)/HfOx/TiN device, is using the dc voltage sweep method with a
current compliance of 5 mA. In Fig. 3-43 shows the typical [-V curve. Distribution of Vser
and Veeser are shown in Fig. 3-44. Resistance of HRS and LRS by 0.08 V read bias are
shown in Fig. 3-45. The Pd/Al(100 A)/HfOx/TiN device shown good resistive switching

characteristics. The Vser and Vreser values don’ t overlap each other, the endurance is
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more than 450 cycles, but the yield decreases.

In Pd/AI(150 A)/HfOx/TiN device, is using the dc voltage sweep method with a
current compliance of 5 mA. In Fig. 3-46 shows the typical I-V curve for SET process. In
Fig. 3-47 shows the typical I-V curve for RESET process. The Pd/Al(150 A)/HfOx/TiN
device shown bad resistive switching characteristics, the endurance is less than 3 cycles.

In Table 3-4 performs the comparison with the different thickness of Al of
Pd/AI/HfOx/TiN structure and resistive switching parameters of the devices. Form the
results, we demonstrates Pd/AI/HfOx/TiN structure which has good resistive switching
characteristics, but thickness of Al is thicker to result that the yield and resistance decrease
[69]-[70]. Because thickness of Al 1s thicker, which forms thicker AlOx at Al/HfOx
interface to result the filaments were not ruptured.

In order to confirm our thoughts, we etched aboriginal AI/HfOx/TiN device for
etching Al solution. The proportion of chemical Solution is. HsPOs : HNOs : CH:COOH :
H0=50:2:10:9. Afterward, we etched thickness of Alof the device to 30 A. In AI(30
A)HfOx/TIN device, is using the de voltage sweep method with a current compliance of 5
mA. In Fig. 3-48 shows the typical I-V curve. Distribution of Vser and Vreser are shown in
Fig. 3-49. Resistance of HRS and LRS by 0.08 V read bias are shown in Fig. 3-50. The
Al(30 A)/HfOx/TiN device has resistive switching phenomenon. Afterward, we used direct
sputtering Al 30 A as top electrode. In Al(30 A)/HfOx/TiN device, is using the dc voltage
sweep method with a current compliance of 5 mA. In Fig. 3-51 shows the typical I-V curve.
Distribution of Vser and Veeser are shown in Fig. 3-52. Resistance of HRS and LRS by 0.08
V read bias are shown in Fig. 3-53. The AI(30 A)/HfOx/TiN device has resistive switching
phenomenon.

Form the results, we demonstrates thickness of Al 1s thicker to result that the yield

decreases, and thickness of Al is thin, which has resistive switching phenomenon.
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However, thickness of Al is too thin to result oxygen ions through AlOx from HfOx films
to air. Therefore, we chosen Pd/Al(35 A)/HfOx/TiN structure. In Pd/Al(35 A)/HfOx/TiN
device, is using the dc voltage sweep method with a current compliance of 5 mA and
10mA. In Fig. 3-54 and Fig. 3-55 shows the typical I-V curve. Distribution of Vser and
Vreser are shown in Fig. 3-56 and Fig. 3-57. Resistance of HRS and LRS by 0.08 V read
bias are shown in Fig. 3-58. In Pd/Al(35 A)/HfOx/TiN device shown very good resistive
switching characteristics. The Vser and Vreser values don” t overlap each other, and the

endurance 1s more than 4000 cycles.

3.3.2 Retention property

For a nonvolatile memory, the data storage time, called retention time, is an important
indicator [71]-[77]. It means that how long the stored resistance values can be remained. In
order to accelerate the degradation of Pd/HfOx/TiN structure, the retention test is also
tested under the 85 ‘C. As showed.in Fig. 3-59, the retention time of the two states is at
1000 seconds and the resistance ratio only over1'by 0.08 V read bias. Afterward, in order
to accelerate the degradation of Pd/A1(35 A)/HfOx/TiN structure, the retention test is also
tested under the 175 C, as show in Fig. 3-60. Retention time at the high temperature is at

least over 5x10" seconds, and the resistance ratio still remains over 50.

3.3.3 Thermal stability

Current transport mechanisms for the LRS and the HRS were analyzed by measuring
the I-V curve at the temperature ranging from 25 to 175 C. For the LRS, the I-V curve
follows Ohm’ s law and the resistivity of the HfOx films shows slightly negative

temperature dependence, as shown in Fig. 3-61. Metallic filaments in HfOx films induced
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by the set process may be responsible for this observation. On the other hand, the I-V
curve of the HRS, as shown in Fig. 3-62, has positive and weak temperature dependence at
low bias. This positive temperature dependence for the HRS current suggests that the
dominant current transport mechanism for the Pd/AI/HfOx/TiN structure during set process
may be tunneling, Schottky emission, or Pool-Frenkel emission. However, we ruled out
Schottky emission and Pool-Frenkel emission as possible candidates due to the very weak

temperature dependence of the HRS current [36], [78]-[84].

3.3.4 Curve fitting of current-voltage plots

Figure 3-63 and Fig. 3-64 show the.plot of In IJI versus In IVI of our Pd/AL(35
A)HfOx/TIN structure. In the LRS eurrent and HRS current at small bias region, the curve
present Ohmic behavior whosé slopes-are close to unity.. The In 1J/V’l versus 1/V curve is
presented in Fig. 3-65. The linear line with-a negative slope at the large bias region of the
plot shows that the HRS current. at Jarge ‘bras 18 due 'to the Fowler-Nordheim (FN)
tunneling [36], [85]-[93].

In the fitting curve, the filament model for the resistive switching in the Pd/Al(35
A)HfOx/TIN structure can be described as follows: When HfOx films is destroyed during
the forming process, the conductive path 1s created. An Ohmic current-voltage behavior 1s
observed for devices. As the device was switched back to the HRS, the HfOx films near the

anode 1s recovered by the partial rupture of filaments near anode/ HfOx films interface.

3.3.5 Material analyses

In order to analyze Al/HfOx interface and provide extra information for the

elucidation of the switching mechanism, XPS, EDS, and TEM are taken to inspect the
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atomic percentage, binding energy in the samples and the cross section view. The further
details are described as below.

The depth profile of the chemical composition of Pd/Al/HfOx structure measured by
XPS 1s shown 1n Fig. 3-66 and Fig. 3-67. We could see that O: and Al at the same depth,
which is formed AlOx at interface. The binding energy of Pd/Al/HfOx structure measured
by XPS 1s shown Fig. 3-68. The primitive binding energy of AlLO:s 1s 74.4 eV. The peak of
plot is close to 74.4 eV, which was demonstrated the AlOx 1s formed at interface.

Figure 3-69 1s the TEM micrograth of Pd/Al/HfOx/TiN/T1/S10:/S1 structure. Fig. 3-70
is high resolution TEM image of Al/HfOx interface, which shows Al thickness from 3.5
nm to 9 nm. Therefore, we could demonstrate AlOx which was formed at Al/HfOx
interface.

Figure 3-71 is EDS analysis of . the Al layer, which shows the Al layer has oxygen

content. Therefore, we could demonstrate AlOx which was formed at AI/HfOx interface.

3.3.6 Electrical properties of Pd/Ti/HfOx/TiN structure

In order to validate our argument, we decided to change the reactive metal. The
structure is Pd/Ti(30 A)/HfOx/TiN. In the device, is using the dc voltage sweep method
with a current compliance of 5 mA. In Fig. 3-72 shows the typical I-V curve. Distribution
of Vser and Vreser are shown in Fig. 3-73. Resistance of HRS and LRS by 0.08 V read bias
are shown in Fig. 3-74. The Pd/Ti(30 A)/HfOx/TiN device shown good resistive switching
characteristics. The Vser and Veeser values don” t overlap each other, and the endurance is

more than 350 cycles.
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3.4 Resistive switching characteristics of Pt/Ti/HfOx/TiN

structure

3.4.1 Electrical properties

In order to validate our argument again, we decided to change the inert metal. The
structure is Pt/Ti(30 A)HfOx/TiN. In the device, is using the dc voltage sweep method
with a current compliance of 5 mA. In Fig. 3-75 shows the typical I-V curve. Distribution
of Vser and Vreser are shown 1n Fig. 3-76. Resistance of HRS and LRS by 0.08 V read bias
are shown in Fig. 3-77. The Pt/Ti(30 A)/HfOx/TiN device shown good resistive switching
characteristics. The Vser and Vzeser values don”  t overlap each other, and the endurance is

more than 800 cycles.

3.4.2 Retention property

For a nonvolatile memory,the data storage time, called retention time, 1s an important
indicator. It means that how long the stored resistance values can be remained. In order to
accelerate the degradation of Pt/Ti(30 A)HfOx/TiN structure, the retention test is also
tested under the 85 ‘C, as show in Fig. 3-78. Retention time at the high temperature is at

least over 10° seconds, and the resistance ratio still remains over 100.

3.4.3 Curve fitting of current-voltage plots

Figure 3-79 and Fig. 3-80 show the plot of In I versus In IVl of our Pt/Ti(30
A)HfOx/TiN structure. In the LRS current and HRS current at small bias region, the curve
present Ohmic behavior whose slopes are close to unity. The In 1J/V’l versus 1/V curve is

presented 1in Fig. 3-81. The linear line with a negative slope at the large bias region of the

40



plot shows that the HRS current at large bias is due to the Fowler-Nordheim (FN)

tunneling.

3.4.4 Material analyses

In order to analyze Ti/HfOx interface and provide extra information for the
elucidation of the switching mechanism, XPS 1s taken to inspect the atomic percentage,
binding energy in the sample. The further details are described as below.

The depth profile of the chemical composition of Pt/Ti/HfOx structure measured by
XPS is shown in Fig. 3-82 and Fig. 3-83. We could see that Oz and Ti at the same depth,
which 1s formed TiOx at interface. The binding energy of Pt/Ti/HfOx structure measured by
XPS 1s shown Fig. 3-84. The primitive binding energy-of TiO: 1s 458.7 e¢V. The peak of

plot 1s close to 458.7 eV, which-was demonstrated the TiOxis formed at interface.
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betal Pt Pd Ni Cu Ti 4l
Vg (V) Jfad RS 2o | 12 | 1228 | x
Vraser (V) i 58131”3126 e 5588:32; 04~088 | 0.48~0.96 | 048088 | X
Average Rigs (Ohm) | ri;?iﬁ)ﬂiﬁ . Ar; fi%%g% 22342 5502 18143 X
Average Rigs (Ohm) # ri‘Al ll%l;l # fn: 5479;1' ® 51 171 131 X
Average Ratio fn :’; ff§§?856 “;n i:: 262:;8 435 32 139 X
Endurance (Cycles) o i:: ’5121%0 ""mﬁffgjgo 250600 | 5~10 | 3050 %
Viork function (V) 565 5.12 5.15 4.65 433 428

Table 3-1 Comparison with the work function and resistive switching parameters of

various metals.

Metal Pt Pd Cu Ni Ti Al

| 2 | 2R | me e | wes | s

Vreszr (V) p 58%3126 Lo 5588:32; 048-096 | 0.4~088 | 048083 | X

Average Rygs (Chm) . nf;iz%ﬁi? . An; i?ig%g% 5502 22342 16143 X

Average Rigs (Ohm) # ri‘Al 1121871 # fn: jfi 7 171 51 131 %

Average Ratio " ::: llfg’;fg o i:: 23‘;8 k7 438 139 %

Endurance (Cycles) o AA:: ’512120 "‘mﬁ:zfgjgo S0 | 250600 | 30-50 %

Free energlies of the formation High High Medium bedium Low Low

of cxzides (Klimole)

Table 3-2 Comparison with the free energy of oxide formation of electrode metals and

resistive switching parameters of various metals.
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Metal Pd Pd (M2 6 scom 30s) Ti TiM
WVepr (V) 0.96~1.76 1.2~2.32 1.12~2.8 l2~4.4
WrEzEr (V) 0.48~0.72 0.4~0.88 0.48~0.88 0.4~1.2
Average Rpgrg (Ohm) 49097 82107 18143 5984679
Average Eipe (Ohm) 7 50 131 67
Average Eatio £33 1642 139 50324
Endurance {Cvcles) 15~30 E0~85 3050 150~200

Table 3-3 Comparison with the PA/HfOx/TiN with N2 versus without N2 and the

Ti/HfOx/TiN versus TiN/HfOx/TiN.

Metal Pd al P/l &) | PA/ALGOA) | PA/ALTS &) | P/ALOO A) | PA/ALLISO &)
WVepr (V) 0.96~1.76 i 0.96~2.08 0.96~2.16 1.04~2.04 0.8~2.24 i
Vreser (V) 0.48~0.72 hid 0.32~0.8 0.4~0.96 0.4-0.8 0.32~0.8 hid
Average Rygrg (Chin) 49097 i 25066 13680 10497 6891 i
fverage Frpe (Ohm) ¥ o 47 &2 56 ] o
Average Ratio 638 ® 533 221 447 99 ®
Endurance {Cvcles) 15-30 o = 300 = 550 = 200 = 450 <3
Tield Medium i High High Medium Low i

Table 3-4 Comparison with the different thickness of Al of Pd/AI/HfOx/TiN structure and

resistive switching parameters of the deivces.
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Fig. 3-1 Typical [-V characteristics of unipolar resistive switching.
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(@) (b)

—~Compliance current: 5 pA —Compliance current: 5 mA
—Weak filaments —Strong filaments

—Compliance current: 5 pA —Compliance current: 5 mA
—Weak filaments —Strong filaments

—~Compliance current: 5 pA —Compliance current: 5 mA
—Weak filaments —Strong filaments

Fig. 3-2 Various compliance current of RRAM. (a) 5 pA (b) 5 mA.
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Fig. 3-4 Distribution of Vser and Vzeser of Pt/HfOx/TiN structure (5 mA).
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Fig. 3-5 Resistance of HRS and'LRS of Pt/HIOx/TiN structure by 0.08 V read bias (5 mA).
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Fig. 3-6 The typical I-V curve of Pt/HfOx/TiN structure (50 pA).

47



Pt(1000A) |

15
I SET
Compliance current: 50 A B RESET

X 10}
T
@)
©
et
c
]
o
G s
2 R

0 . .||||“ ‘nl..

0 1 2 3 4 5

Voltage(V)
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Fig. 3-8 Resistance of HRS and LRS of Pt/HfOx/TiN structure by 0.08 V read bias (50
HA).
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Fig. 3-9 The typical I-V curve of Pd/HfOx/TiN structure (5 mA).
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Fig. 3-10 Distribution of Vser and Vreser
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Fig. 3-11 Resistance of HRS and LRS of Pd/HfOx/T1N structure by 0.08 V read bias (5
mA).
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Fig. 3-12 The typical I-V curve of Pd/HfOx/TiN structure (50 pA).
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Fig. 3-13 Distribution of*Vser and Vereser of Pd/HfOx/TiN structure (50 pA).
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Fig. 3-14 Resistance of HRS and LRS of Pd/HfOx/TiN structure by 0.08 V read bias (50
HA).
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Fig. 3-15 The typical I-V-curve of Cu/HfOx/TiN structure.
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Fig. 3-16 Distribution of Vser and Vreser of Cu/HfOx/TIN structure.
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Fig. 3-17 Resistance of HRS ‘and LLRS of Cu/HfOx/TiN structure by 0.08 V read bias.
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Fig. 3-18 The typical I-V curve of Ni/HfOx/TiN structure.
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Fig. 3-20 Resistance of HRS and LRS of Ni/HfOx/TiN structure by 0.08 V read bias.
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Fig. 3-21 The typical I-V-curve of Ti/HfOx/TiN structure.
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Fig. 3-22 Distribution of Vser and Vreser of Ti/HfOx/TiN structure.
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Fig. 3-23 Resistance of HRS-and LRS of Ti/HfOx/T1N structure by 0.08 V read bias.
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Fig. 3-24 Forming process of Al/HfOx/TiN structure.
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Fig. 3-25 RESET process of AI/HfOx/TiN structure.
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Fig. 3-26 Ellingham diagram of representative high- £ dielectrics showing the free energy
of formation as a function of temperature.

57



Ellingham Diagrams

Fau 0y Lo
= .= VYot Yot Mos  Uof Lio° Lio® ‘&
o ’J&‘-QQ 1200 1400 - 1800 1800 2005)‘&': p%cllm.
)% -~ f |
104
® / © L] 2
10CH / o oo 1075
= — Poo
‘éﬁ’-x}; b LM
fou0 | R
=~ e
"u o S22 - b=
& 200 = ! < 03150 J200
" Bgtth =i i
° _///}7.?»"‘ 0 9
=} = e B —
f I T o
a /_? 1“1*3&1%:’*/-.
2 300 e 5
2 Pt L
T §8is0, P e e F ]
= = 412510 +05= 2510, o=l
S C+0y=c0h () -
o g 400 3
=
£ s o]
E L "/ 0 '
i i e [ N RN
a" "-:?,O(J //'@
9 scop—— = - 500 ot
<I:| w03 ‘{ﬂ_/ LT In
e e LE/-"" o2
e = >
g . TV
C o V’ M/ / B v 00 0%
k] Y
= = Vs A / 0] e
_‘g_ % 1’ —
o
£ o 1 / A
:9 ﬂq’-i’ /’ - (700 IO:I
- AN -~ 1 w0
o 4 4 s ~
P oo,y - ‘fp//f et MV
- #
$ /l/,é"' — v
£ aog #1004 ~ A 5 7
T /—“@ -4 00 o8| 7]
) L~ T L N
= ’/ 4
e 8,0, ~ ) |
§ 900| ! v q w0
Y 0™
g /‘a i
-1
i L/// .
1000 Lol e E:';Me:.?:'o Osie —diooo 07N 1o
cede L] - - ™
% """" Goseous Candensed —
Oy =====m== | Condensed Gaseous
V / ————— — | Goseous Gaseous 102
100, 250 " Suggested ccuracies Changes of —ee 'q:
/ / B+ o n state !
L ® 1 3k Melting pt o = |
Ty // | @ = iOwiocolories Beling ot 8 L] 0 <
2860 | © 2> kilocolories Sublimaticn pt H B o'
1200 Fio00y . 1 Transition ot v m 1200 ~
L L] [ ] | [ [ | -
oK o 200 400 600 BOO 000 1200 1400 1600 1800 2000
02
Temperature I~
— 10790 |38 g3 34 =32 =30
P, = 'O\ \ NN
co 10 s o' e
o, = N N 1N 1

Fig. 3-27 Ellingham diagram plotting the standard free energies of the formation of oxides

of the metals.
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Fig. 3-28 The typical I-V curve of Pd/HfOx/TiN structure with N2 6 sccm 30 second.
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Fig. 3-29 Distribution of Vser and Vreser of Pd/HfOx/T1N structure with N2 6 sccm 30
second.
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ig. 3-30 Resistance of HRS and LRS-of Pd/HfOx/TiN structure with N> 6 sccm 30 second

by 0.08 V read bias.
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Fig. 3-31 The typical I-V curve of TiN/HfOx/TiN structure.
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Fig. 3-32 Distribution of Vssrand Vreser of TIN/HfOx/TIN structure.
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Fig. 3-33 Resistance of HRS and LRS of TiN/HfOx/TiN structure by 0.08 V read bias.
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Fig. 3-34 The typicald-V curve of Pd/Al(20 A)/HfOx/TiN structure.
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Fig. 3-35 Distribution of Vser and Vzeser of Pd/AL20 A)/HfOx/TiN structure.
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Fig. 3-36 Resistance of HRS and LRS-of Pd/AI20 A)/HfOx/TiN structure by 0.08 V read
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Fig. 3-37 The typical I-V curve of Pd/A1(50 A)/HfOx/TiN structure.
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Fig. 3-38 Distribution of Vstr and Veeser of Pd/AL(50 A)/HfOx/TiN structure.
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Fig. 3-39 Resistance of HRS and LRS of Pd/AL(50 A)/HfOx/TiN structure by 0.08 V read
bias.
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Fig. 3-40 The typicald-V curve of Pd/Al(75 A)/HfOx/TiN structure.
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Fig. 3-41 Distribution of Vser and Vzeser of Pd/AL(75 A)/HfOx/TiN structure.
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Fig. 3-42 Resistance of HRS and LRS- of Pd/AI(75 A)/HfOx/TiN structure by 0.08 V read
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Fig. 3-43 The typical I-V curve of Pd/A1(100 A)/HfOx/TiN structure.
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Fig. 3-44 Distribution of Vserand Vieser of Pd/Al(100-A)/HfOx/TiN structure.
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Fig. 3-45 Resistance of HRS and LRS of Pd/Al(100 A)/HfOx/TiN structure by 0.08 V read
bias.
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Fig. 3-46 The typical I-V curve of Pd/Al(150 A)HfOx/TiN structure for SET process.
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Fig. 3-47 The typical I-V curve of Pd/Al(150 A)/HfOx/TiN structure for RESET process.
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Fig. 3-48 The typical I-V curve of AI/HfOx/TiN structure for etching Al to 30 A.
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Fig. 3-49 Distribution of Vser and Vzeser of AI/HfOx/TiN structure for etching Al to 30 A.
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Fig. 3-50 Resistance of HRS and I.RS of AI/HfOx/TiN structure for etching Al to 30 A by

0.08 V read bias.
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Fig. 3-51 The typical I-V curve of AI(30 A)/HfOx/TiN structure.
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Fig. 3-52 Distribution of Vser-and Vieser of Al(30-A)/HfOx/TiN structure.

10° ¢

10 F

E F
u 1

O 3| [ | - | | n
- 10:— | ] - | ]
Q F
: -
3]
@ 10° L ¢« o * . »
m 3 ™ ™ ™ b o 1
(1]]
(14

1

10 F

Compliance current: 5 mA

100 i ] \ ] . ] \ ] \ ] .
2 4 6 8 10 12

Cycle

Fig. 3-53 Resistance of HRS and LRS of AI(30 A)/HfOx/TiN structure by 0.08 V read

bias.
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Fig. 3-54 The typical I-V curve of Pd/A1(35 A)HfOx/TiN structure (1~2650 cycles).
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Fig. 3-55 The typical I-V curve of Pd/A1(35 A)/HfOx/TiN structure (2651~4000 cycles).
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Fig. 3-57 Distribution of Vser and Vreser of Pd/AI(35 A)/HfOx/TiN structure (2651~4000
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Fig. 3-58 Resistance of HRS and LRS-of Pd/AI(35 A)/HfOx/TiN structure by 0.08 V read
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Fig. 3-59 Retention time of Pd/HfOx/TiN structure at 85 C by 0.08 V read bias.
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Fig. 3-60 Retention time of PA/AI(35-A)HIO«/TiN structure at 175 C by 0.08 V read
bias.
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Fig. 3-61 Temperature dependence of LRS at low to median bias.
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Fig. 3-70 High resolution TEM 1mage of Al/HfOx interface.
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Fig. 3-71 EDS analysis of the Al layer.
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Chapter 4 Conclusion

In summary, we discuss to influence resistive switching characteristics of resistive
memory for different compliance current. The different metals were used as the electrode
based on the HfOx/TIN structure, and the resistive switching characteristics of those
devices were investigated in this thesis.

Afterward, we discuss the electrode dependence with various metals work function
and free energy of oxidation of various metals. For the same compliance current, lower
free energy of oxidation of metals were observed no resistive switching characteristics, and
higher free energy of oxidation of metals is bad for endurance test. Because lower free
energy of oxidation of metals were easier formed metal oxide at interface, which resulted
the filaments were not ruptured and no resistive switching, and higher free energy of
oxidation of metals on resistive switching 1s-easier Josing oxygen ions. Therefore, the
electrode dependence on resistive switching does not result with result from work function,
but result with free energy of formation of oxidation of metals. The metal oxide created at
the interface between HfOx and the metal electrode affects the resistive switching
characteristics.

The final part in this thesis, we demonstrate good resistive switching characteristics of
mert metal/reactive metal/HfOx/TIN structure, the top electrode such as Pd/Al, Pd/Ti,
Pd/Ti0, Pt/Ti ,and etc, and thickness of the reactive metal is related with free energy of
formation of oxidation of the metal and free energy of formation of oxidation of Hf. In our
device, which can be operated switching at 175 “C, and the endurance is over 4000
switching cycles by sweeping dc voltage. Afterward, the data retention time of HRS and

LRS is over 5x10* seconds at 175 °C under static air, which is over 10’ seconds at 85 C.
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Chapter 5 Future Work

In this thesis, we know that the appropriate O, N2 and temperature on interface can
improve the electrical properties. Therefore, the plasma treatment and heat treatment on
interface 1s the needful. Unipolar measurement 1s necessary, which can avoid Vser and
Vreser overlap each other. Pulse [-V measurement can decrease measurement time to avoid
the sample 1s broken at long measurement time. We know that Hf has lower free energy of
oxidation. Therefore, some higher free energy material oxide is used, such as NiO, Ta:0s.
The free energy of formation of oxidation.of metals 1s important for selecting the metal
electrode. Therefore, the alloy as top electrode is considered, such as PtixAlx, PdixTix. We
are hopeful that future research will focus on these views to further make the RRAM in
commercial applications come true, leading to better uniformity and reliability of

manufacture.
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